In response to these or other factors, CNS neurons localsensory axons to terminate prematurely. SAD-1 proize scaffold proteins at active zones, cluster vesicles tein is expressed in the nervous system and localizes nearby in a specialized cytoskeleton, and cease axon to synapse-rich regions of the axons. SAD-1 is related outgrowth. The signaling pathways that mediate these to PAR-1, a kinase that regulates cell polarity during processes are undefined. development of ASI and motor neurons. sad-1 encodes
is overexpressed ectopic vesicle proteins mutant animals (data not shown). appear in the dendrite and sensory axons terminate
Using p str-3 SNB-1::GFP as a marker for ASI synapses, prematurely. Thus, SAD-1 appears to regulate several we conducted a screen for mutants with abnormal pataspects of presynaptic differentiation.
terns of GFP fluorescence. Hermaphrodites carrying p str-3 SNB-1::GFP were mutagenized with EMS, and their Results F2 progeny were examined for visible defects (see Experimental Procedures). We isolated 24 mutations in six Isolation of Mutants with Defective complementation groups that affect the pattern of SNBChemosensory Synapses 1::GFP expression: unc-104, unc-11, unc-51, and three The ASI neurons are a bilaterally symmetric pair of chenovel genes that we named sad-1, sad-2, and sad-3 for mosensory neurons that control entry into the dauer synapses of the amphid defective (Table 1) , we report that sad-3 is allelic with rpm-1.] ron has a ciliated dendrite that projects anteriorly and Multiple alleles were identified in each of these genes, an axon that enters the nerve ring and makes seven suggesting that this visual screen is near genetic satuto nine synapses onto interneurons and chemosensory ration. neurons (White et al., 1986) (Figures 1A, 1C, and 1D) .
The three unc genes isolated in this screen all affect To visualize the presynaptic specializations of ASI synsynaptic vesicle biogenesis or transport. As expected apses in living animals, we expressed a fusion protein from our analysis of unc-104(e1265), the novel unc-104 between the vesicle associated membrane protein synkinesin mutants had SNB-1::GFP localized to the cell aptobrevin and green fluorescent protein (SNB-1::GFP) body (data not shown). In unc-11 animals GFP fluoresunder the control of the ASI neuron-specific str-3 procence was diffusely localized throughout the plasma moter ( Figure 1B) . SNB-1::GFP is an accurate marker membrane of the neuron (described in more detail in for presynaptic vesicle clusters in C. elegans (Nonet, Dwyer et al., submitted). unc-11 is an AP180 protein 1999). In each ASI neuron of animals carrying p str-3 SNBimplicated in synaptic vesicle endocytosis that is essen-1::GFP, GFP fluorescence was visible in seven to nine tial for SNB-1 localization to vesicles (Nonet et al., 1999) . regularly spaced clusters along the distal half of the axon In unc-51 animals GFP fluorescence accumulates in one in the nerve ring (Figures 1, 2A, and 2B) . The clusters or two large varicosities in the axon (data not shown). observed in each ASI neuron corresponded well with unc-51 encodes a protein kinase that affects axon outthe ASI synapses observed in electron microscopic regrowth and guidance and may alter trafficking of memconstructions (White et al., 1986) (compare Figures 1D brane vesicles in neurons (Ogura et al., 1994) . We isoand 1E). GFP was also present in the cell body and lated both strong and weak unc-51 alleles that affect weaker, diffuse fluorescence was occasionally obsynaptic vesicle clusters but not axon guidance in ASI. served in the dendrite. To confirm that the axonal SNBunc-51 is similar to the Apg1p kinase that acts at an 1::GFP fluorescence corresponded to presynaptic vesiearly step in yeast autophagy (Matsuura et al., 1997). By analogy to the yeast phenotype, unc-51 may be incles, we examined p str-3 SNB-1::GFP in the unc-104 sad-1 mutants also have presynaptic defects at neuWhereas mutations in unc-104, unc-11, and unc-51 have effects on trafficking of vesicles and/or synaptobrevin, romuscular junctions. p unc-25 SNB-1::GFP labels the presynaptic vesicle clusters of the GABAergic VD and DD mutations in sad-1, sad-2, and sad-3/rpm-1 have defects in the organization of SNB-1::GFP clusters. We motor neurons (Hallam and Jin, 1998) . In wild-type animals this marker is expressed as discrete fluorescent isolated six alleles (ky281, ky289, ky326, ky330, ky332, and ky344) of sad-1 in the p str-3 SNB-1::GFP screen, puncta distributed along the ventral and dorsal sides and a seventh allele (ju53) in a similar type of screen ( Figure 3A) . The ju53 allele of sad-1 was isolated as using p unc-25 SNB-1::GFP (see below). All alleles displayed a mutant in which SNB-1::GFP clusters appeared less highly penetrant SNB-1::GFP defects in ASI, with over discrete ( Figures 3B to 3D) , with weaker GFP fluores-90% of animals exhibiting a visible defect. The spectrum cence than normal. Similar VD and DD defects were of defects included regions of the axon that appeared observed for the ky289, ky330, and ky332 alleles. All to lack vesicle clusters ( Figures 2C and 2D) ; regions of (100%) of sad-1 mutants had visible VD and DD defects, the axon with densely packed vesicle clusters (Figures and Ͼ75% of individual puncta were expanded com-2E and 2F); vesicle clusters that were irregular in size, pared to wild-type puncta. However, the total number of puncta is normal: the dorsal cord in sad-1(ju53) has 148.6 SNB-1::GFP puncta (n ϭ 5, range 145-153), com- tral-dorsal polarity of the DD neurons. In contrast to unc-104, unc-11, and unc-51 animals, sad-1 mutants. To strengthen this observation, we perwhich displayed severely uncoordinated locomotion, formed electron microscopic analysis on the VD neurosad-1 animals had only subtle defects in movement. muscular junctions in sad-1(ky289) animals (Figures 3H sad-1 mutants were partially defective in chemotaxis to to 3J). The presynaptic structures in VD neuromuscular volatile odorants (data not shown) and had mild defects junctions were superficially normal. Each presynaptic in egg-laying. In sad-1 animals the ASI cell bodies miterminal contained an electron-dense membrane strucgrated to their correct locations, and their primary axons ture, the active zone, that was indistinguishable from assumed their normal position and morphology in the the active zone in wild-type animals ( Figures 3H and 3I ). nerve ring. However, as discussed in more detail below, The cytoskeleton and overall structure of the axons was axons sometimes made ectopic branches in the nerve normal. ring and failed to terminate at their normal position. To As in wild-type presynaptic termini, the active zones determine whether the ASI neurons are functional in in sad-1 mutants were surrounded by synaptic vesicles. sad-1 mutants, we analyzed unc-31; sad-1 double muThe vesicle morphology was normal, and a normal numtants. Ablation of the ASI neurons in an unc-31 backber of vesicles were docked at the active zone. However, ground causes animals to constitutively enter the alterthe vesicles in sad-1 mutants were distributed more native dauer larval form despite the presence of food broadly around the synapse. We analyzed the distribu-(Avery et al., 1993). This activity of ASI depends on its tion of vesicles by taking serial sections through ten ability to secrete the TGF-␤-like peptide DAF-7 (Ren et presynaptic termini each for wild-type and sad-1 mutant al., 1996; Schackwitz et al., 1996). DAF-7 is most likely and counting the number of vesicles in each section released from dark-core vesicles at extrasynaptic sites ( Figure 3J ). Three statistically significant differences (White et al., 1986). unc-31; sad-1 animals formed almost were observed (p Ͻ 0.05). First, in wild-type animals, no dauer larvae in the presence of food, suggesting that vesicles are highly concentrated so that Ͼ100 nm from the ASI neurons are present in sad-1 animals and able the active zone, wild-type synapses had less than 50% to release DAF-7.
as many vesicles as were present at the active zone. A comparable drop in vesicle density occurred 150-250 SYD-2, a Presynaptic Marker for Active Zones, nm from the sad-1 active zone. Second, the average size Is Correctly Localized in sad-1 Mutants of wild-type GABAergic presynaptic termini, defined as To characterize the presynaptic defects in sad-1 animals the region where synaptic vesicles can be counted, was further, we examined a presynaptic active zone marker, 700 nm (14 sections). In sad-1(ky289) animals, the region SYD-2. SYD-2 localizes to small regions at presynaptic was expanded to 900 nm (18 sections). Third, for 6/10 termini that are surrounded by SNB-1::GFP vesicle clussad-1 synapses, there was an overlap between the vesiters (Zhen and Jin, 1999 and Figure 3E ). In wild-type cles distributed at two adjacent synapses; such overlaps animals anti-SYD-2 staining reveals a dense pattern of were observed at only 5/33 wild-type synapses. Overpuncta in the nerve ring; on a gross level we noticed no lapping synapses were excluded from the analysis of major differences in this staining between wild-type and synapse size, so the 900 nm total size underestimates sad-1 animals (data not shown). To examine individual the expanded vesicle distributions of the sad-1 mutant. synapses at higher resolution, we visualized SYD-2 and Thus, as suggested by the SNB-1::GFP pattern, synaptic SNB-1 specifically in the VD and DD neurons in a sad-1 vesicles are distributed more diffusely in the GABAergic mutant background. Using the unc-25 promoter we presynaptic termini of sad-1(ky289) animals. coexpressed SYD-2 and SNB-1::GFP in the VD and DD motor neurons in a syd-2(ju37) sad-1(ju53) double mu-SAD-1 Protein Is a Novel Serine/Threonine Kinase tant and stained with anti-SYD-2 and anti-GFP antisera.
sad-1 was cloned by genetic mapping and cosmid resp unc-25 SYD-2 fully rescued the syd-2 mutant phenotype cue of its mutant phenotype. The cosmid F15A2 fully in VD and DD neurons ( Figure 3E ). In the sad-1 mutant, rescued the ASI defects of sad-1(ky332) and partially the expression pattern of SYD-2 appeared normal (Figrescued the VD/DD SNB-1::GFP defects of sad-1(ju53). ures 3F and 3G). Each SYD-2 punctum was associated A fragment of F15A2 that contained only a single prewith a vesicle cluster and vice versa; since the number dicted full-length open reading frame (ORF) also rescued of vesicle clusters is normal (see above), we infer that sad-1 to the same degree as the full-length cosmid, the number of SYD-2 puncta is also normal. As expected whereas fragments of F15A2 not containing this ORF from examining SNB-1::GFP alone, the SNB-1::GFP failed to rescue ( Figure 4A ). We obtained a partial cDNA clusters associated with SYD-2 puncta were abnormally corresponding to this ORF (a gift of Yuji Kohara) and diffuse. We conclude that SAD-1 is not required for at performed reverse transcriptase-polymerase chain releast some aspects of active zone formation. Consistent action (RT-PCR) to clone the 5Ј end of the gene. The with this observation, syd-2(ju37) sad-1(ju53) double major full-length cDNA is predicted to encode a protein mutants showed more severe defects in SNB-1::GFP of 914 amino acids. All exons and intron/exon boundorganization than either single mutant (data not shown).
aries were sequenced in the seven sad-1 alleles and This result suggests that sad-1 and syd-2 function in molecular lesions were identified in six ( Figure 4B ). We different aspects of synaptic development.
conclude that mutations in this ORF are responsible for the sad-1 phenotype. Synaptic Vesicles Are More Broadly Distributed sad-1 encodes a novel protein predicted to encode a at GABAergic Neuromuscular Junctions serine/threonine kinase. There are highly conserved hoin sad-1 Mutants mologs of sad-1 in Drosophila, the ascidian Halocynthia The diffuse localization of the SNB-1::GFP marker suggested that synaptic vesicle distribution was altered in roretzi, and humans, but the functions of these homologs 4C and 4D) .
The sad-1 allele ky289 contains an early nonsense was first seen in the late embryo. We observed no consistent anti-SAD-1 staining in sad-1(ky289) null animals, mutation that truncates the predicted protein in the middle of the kinase domain. ky289 likely represents the suggesting that the antibodies are specific for SAD-1 protein.
The onset of sad-1 expression in the late embryo null phenotype of sad-1. ky281 and ky330 contain charge substitutions in highly conserved regions of the kinase is consistent with a role for SAD-1 in synaptogenesis, as this is the time when many synapses are first made. domain; in particular, the ky330 E173K mutation occurs four residues from the active site aspartate residue that Since sad-1 animals have specific defects in synaptic development, we asked whether SAD-1 protein localizes is conserved in almost all known kinases. These point mutations suggest that the kinase activity of SAD-1 is to synaptic regions. The pan-neuronal unc-115 promoter (Lundquist et al., 1998) was used to express a SADessential for its function. The ju53 allele is a glycine to arginine substitution in a less conserved region of the 1::GFP fusion protein in which GFP was inserted in the variable linker region that connects the N-terminal kikinase domain. ky344 and ky326 encode proteins that retain an intact kinase domain but are missing C-terminase domain with the conserved C-terminal domain (Figure 5I) . Both wild-type SAD-1 and this GFP fusion nal regions. ky344 is a g22963a 5Ј splice site mutation at the border of intron 8 and exon 9 that is predicted to caused paralysis and other phenotypes when expressed abolish splicing; the resulting protein would be effecat high concentrations (discussed in more detail below), tively truncated after amino acid 475. ky326 is a deletion but at the lower concentrations examined in this experiof amino acids 805-831 that leads to a subsequent ment p unc-115 SAD-1::GFP did not cause locomotion deframeshift in the sad-1 gene; the resulting protein would fects. SAD-1::GFP fluorescence was most prominent in be effectively truncated at amino acid 805. The ky344 the nerve ring and the ventral and dorsal cords, regions and ky326 mutations suggest that the C-terminal doof the axon where the majority of synapses are made mains are also essential for SAD-1 function. An alterna-( Figure 5J ). Little or no staining was observed in the tive explanation is that mutations in ky344 and ky326 sensory dendrites or the axonal commissures, which affect the kinase domain indirectly by destabilizing are devoid of synapses. Weaker fluorescence was also sad-1 mRNA. C. elegans transcripts containing premavisible in the neuronal cell bodies excluded from the ture stop codons are targeted for degradation by the nucleus. products of the smg genes (Pulak and Anderson, 1993) .
This general pattern of localization to synapses was The phenotype of smg-3; sad-1(ky344) animals was inconfirmed by antibody staining of animals overexpressdistinguishable from that of sad-1(ky344) animals alone, ing SAD-1 from its own promoter. When SAD-1 localizasuggesting that the protein itself is defective and not tion was examined in animals that did not exhibit gainjust the RNA (data not shown). suggests that at more physiological levels SAD-1 prefersynaptic vesicles ( Figure 5L ). The SAD-1::GFP puncta were unaltered in unc-104 mutants, indicating that entially localizes to synaptic regions.
In animals expressing p unc-115 SAD-1::GFP, and in ani-SAD-1 does not depend on synaptic vesicles for localization (data not shown). Thus, it appears that SAD-1 is mals stained with anti-SAD-1 antibodies, fluorescence appeared as a combination of punctate and diffuse present in regions of the axon near synapses. staining within the axon (Figures 5K and 5L) Figure 7D ). In addition, in 8% of these animals small showed increased intensity compared to sad-1(ju53) animals. These results were comparable to the rescue of ectopic branches emanated from the primary axon shaft (data not shown). In contrast to the ectopic sensory sad-1(ju53) animals by the cosmid F15A2 (3/7 lines rescued) or the sad-1-containing F15A2.dSacII genomic axon branches seen in mutants with altered electrical activity (Peckol et al., 1999), the branches in sad-1 muclone (4/10 lines rescued). The rescue of the VD/DD vesicle clustering defects of sad-1 animals indicates tants were visible in early larvae and did not increase in penetrance over time. The failure of axons to terminate that SAD-1 can function presynaptically to promote presynaptic differentiation.
properly is not a secondary consequence of aberrant vesicle clustering; in unc-104 mutants vesicle clusters are absent, yet axons terminate at the correct position SAD-1 Overexpression Causes Vesicle Protein and do not branch ( Figure 7E) . Conversely, the vesicle Mislocalization to the Dendrite clustering defects cannot solely be a consequence of Analysis of sad-1 loss-of-function mutants suggested the axon defects, as they were more highly penetrate that SAD-1 is necessary for normal clustering of presynthan the axon defects (Ͼ95% versus 26%). aptic vesicles. To further explore SAD-1 function we Animals overexpressing SAD-1 exhibited a spectrum analyzed the effects of increased SAD-1 activity. SAD-1 of axon defects in both the ASI and AWC sensory neu Occasionally, dendrite termination and branching were and 6B) as well as axon guidance defects (see below). observed in the AWC neuron ( Figure 7J ). In the most However, the pattern of SNB-1::GFP clusters in the axseverely affected strains with SAD-1 overexpression, ons was superficially normal when axons were not de-ASI axon defects were present in 100% of the animals. fective ( Figure 6D ). If anything, SAD-1 overexpressing In strains less severely affected for locomotion the most animals appeared to have very bright clusters, sugcommon defect of ASI and AWC axons was premature gesting an increased number of vesicles per cluster and termination, suggesting that premature termination possibly an increased number of SNB-1::GFP clusters represents the less severe manifestation of SAD-1 overin axons (Figures 6C to 6E) . Surprisingly, ectopic SNBexpression. We presume that only very high levels of 1::GFP also appeared in the dendrite (Figures 6E to 6G) . SAD-1 overexpression cause axon branching and misThe dendritic fluorescence was punctate, resembling guidance and dendritic termination. We observed a normal SNB-1::GFP axonal clusters in size and spacing.
close correlation between ASI neuron morphology deThe increased amount of dendritic SNB-1::GFP is not fects and increased delocalization of SAD-1 protein in a secondary consequence of axon outgrowth defects, single animals. When SAD-1 was localized to synapseas SNB-1::GFP mislocalization was not observed in rich regions, the ASI neurons appeared morphologically other mutants that affected axon outgrowth [e.g., uncnormal ( Figures 5E and 5F ). When overexpressed SAD-1 33(e204) ( Figure 6H ) and data not shown]. These results protein appeared at high levels in sensory dendrites and show that increased SAD-1 activity can mislocalize axonal commissures, ectopic vesicle proteins appeared SNB-1::GFP to ectopic locations.
in the dendrite and axons were malformed (Figures 5G To ask whether endogenous synaptic vesicle proteins and 5H). were regulated similarly, SAD-1-overexpressing lines were stained with antibodies to synaptotagmin. This experiment revealed mislocalization of the endogenous Discussion synaptotagmin protein to dendritic regions in SAD-1-overexpressing lines (Figures 6I and 6J) .
The SAD-1 Kinase Regulates Presynaptic Vesicle Clustering A defining feature of presynaptic differentiation is the SAD-1 Regulates Axonal Branching and Termination clustering of neurotransmitter-filled vesicles in precise apposition to postsynaptic neurotransmitter receptor In sad-1 animals the ASI neurons occasionally exhibited extra axon branches emanating from the primary axon clusters, facilitating the efficient transfer of information across the synapse. We have identified a novel serine/ in the area of the nerve ring ( Figure 2G ). To characterize this phenomenon more carefully at the single cell level, threonine kinase, SAD-1, that affects the size, shape, and position of vesicle clusters. Although we set out we examined the axonal morphology of another chemosensory neuron, the AWC neuron, in sad-1 animals.
to identify molecules specifically required for synapses between neurons, sad-1 mutants have defects both at p str-2 GFP is expressed in a single AWC neuron (Troemel et al., 1999) . AWC has an unbranched axon that extends neuron-to-neuron and at neuromuscular synapses. In sad-1 mutant animals vesicle clusters are more diffusely ventrally and then anteriorly to the nerve ring, circles the nerve ring, and terminates on the contralateral vendistributed, mislocalized, and irregularly spaced in the ASI sensory axons. In VD and DD motor neurons, the tral side of the animal ( Figure 7A) . In wild-type animals sad-1(ky332) (B-D) , unc-104(e1265) (E), and SAD-1 overexpressing (F-J) animals expressing p str-2 GFP (A-E, G-J) or p str-3 SNB-1::GFP (F). Anterior is left and dorsal is up. p str-2 GFP labels a single AWC neuron. In (A-G) arrows denote the axon termination points. In wild-type animals, the axon of the AWC neuron terminates at the ventral side of the animal (A). In 18% of sad-1(ky332) mutants, the AWC axon fails to terminate at the proper position and either reenters the nerve ring (B) or continues posteriorly (C) or anteriorly (D). In unc-104(e1265) animals, the AWC axon terminates at the proper location 100% of the time (E). In SAD-1 overexpressing animals, the ASI (F) and AWC (G) axons were often prematurely terminated. In other SAD-1 overexpressing animals, the axons were branched (H) and misguided (thick arrow) (I). Occasionally, dendrites of AWC neurons were also prematurely terminated (thin arrow) (I), and in rare cases the axon was missing (thick arrow) and the dendrite was prematurely terminated and misshapen (thin arrow) (J). (Parsa, 1988) . Thus the PAR-1-related localized to the presynaptic axon and neurotransmitter proteins share a polarized location and possibly the receptors to the dendrite. SAD-1's similarity to the cell ability to regulate the cytoskeleton and cell polarity. Inpolarity kinase PAR-1 suggests that it might play a role triguingly, the ascidian SAD-1 homolog was identified in defining polarity in neurons. SAD-1 localizes asymin a search for mRNAs that localize to the posterior metrically in neurons to synaptic regions within the axon. pole of the one-cell embryo (Sasakura et al., 1998 (Williams, 1995) by following the signals that promote presynaptic development. SNB-1::GFP defects. sad-1 was localized to LGX between the stP72 and stP2 polymorphisms. Three-factor mapping was conducted to Experimental Procedures further localize sad-1(ky332) on LGX. 4/19 unc-9(e101) non-unc-3(e95) recombinants were mutant for sad-1. A restriction fragment Strains and Maintenance polymorphism associated with odr-1(1933) was used to map sadWild-type animals were C. elegans variety Bristol, strain N2. Animals 1(ky332) further. unc-9(e101) sad-1(ky332) ϩ/ϩ ϩ odr-1(1933) aniwere grown at 20ЊC on HB101 bacteria and maintained according mals segregated 14/14 unc-9 non-sad-1 animals that contained the to standard methods (Brenner, 1974). Some strains were provided odr-1(1933) polymorphism. These mapping data placed sad-1 right by the Caenorhabditis Genetic Center, which is supported by the of unc-9 and very close to odr-1 on LGX. National Institutes of Health. ., 1999) . Living animals were mounted conditions using 1 l of the original reaction with the SL1 and F15cD-on 2% agarose pads containing 3 mM sodium azide. Fluorescence 3B 5Ј-cgaataacttctggacatgcataatgtggagatcc-3Ј primers. A 0.75 kb was visualized using a Nikon Eclipse TE300 equipped with a Biorad band was isolated and subcloned into the BamH1-BsmBI sites of MRC-1024 Laser Scanning Confocal Imaging System. Images were yk410d1 to create a full-length sad-1 cDNA. The sad-1 cDNA was captured at 60ϫ magnification and processed using the NIH Image sequenced, and the genomic organization of sad-1 was determined and Adobe Photoshop programs.
Germline Transformation Rescue
by aligning the cDNA with the reported genomic sequence from the C. elegans Sequencing Consortium (1998). To identify the mutations Electron Microscopic Analysis of sad-1(ky289) Animals in sad-1 alleles, the open reading frame and splice junctions of the sad-1(ky289) animals without any SNB-1::GFP markers were used mutant alleles were PCR amplified from two separate genomic DNA for EM analysis. Two young adult sad-1(ky289) animals were fixed preparations of the mutant strains. PCR fragments were pooled in glutaraldehyde as previously described . Regions and sequenced on both strands using an ABI sequencing machine between the posterior pharyngeal bulb and the vulva were sec-(UCSF HHMI DNA facility). tioned. Two hundred sections of 50-60 nm thickness were collected for each sample and the ventral nerve cords were photographed.
Overexpression and Motor Neuron-Specific VD GABAergic NMJs were identified based on the position and Rescue Experiments shape of the varicosities that were filled with synaptic vesicles and For overexpression studies, the SacII deletion version of F15A2 was the appearance of darkly stained active zones directly opposing the injected at 240 ng/l with p elt-2 GFP at 12 ng/l into kyIs105; linmuscle arms. N2 animals were used as wild-type controls.
15(n765ts) animals and integrated into the genome using psoralen The distribution of vesicles was analyzed by examining serial mutagenesis. The integrant kyIs214 kyIs105; lin-15(n765ts) was used sections through ten presynaptic termini and counting the number for further analysis. of vesicles in each section. Because the size of presynaptic termini
To specifically express SAD-1 in VD and DD neurons, a mini-gene and the number of synaptic vesicles differ at individual neuromuscuconstruct, c4EA, was first derived from the sad-1 cDNA clone by lar junctions, we normalized each synapse by comparing the number replacing the EcoRI-SacII cDNA fragment with a 3.9 kb genomic of vesicles in each section to the number of vesicles at the active piece from F15A2. A 5.7 kb BamHI-ApaI fragment from c4EA that zone region. This ratio is plotted in Figure 3 . For six sad-1 synapses, contains sad-1 mini-gene plus 3Ј untranslated region was cloned in the vesicles at two adjacent synapses overlapped. This made it the BamHI/ApaI sites of pSC316 (M. Z. and Y. J., unpublished observaimpossible to estimate the vesicle distribution on that side of the tion) that contains the unc-30 promoter to generate pCZ335. sadactive zone (the half-synapse). The six half-synapses with overlap 1(ju53) animals were injected with pCZ355, F15A2, and F15A2.dSacII were excluded from the analysis in Figure 3 ; as a result, this figure and scored for SNB-1::GFP phenotypes in VD and DD neurons. underestimates the total extent of vesicle diffusion in sad-1mutants. Because of the overlap between synapses, we could not count the total number of vesicles per synapse accurately in all cases. For sad-1 Expression Analysis A reporter p sad-1 GFP fusion was constructed by cloning a PstI-BamHI the wild-type synapses examined here, we observed 178 Ϯ 23 vesicles per synapse; for sad-1(ky289) synapses vesicle numbers ranged PCR product corresponding to nucleotides 34884-26254 of F15A2 in frame into the GFP expression vector pPD95.75 (a gift from A. from 170 to 500.
